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ABSTRACT

Y A procedure for selectively derivatizing two adjacent
(~1.4 pm apart) microelectrodes. (~50 pm long x 2.5 pm wide x
~0.1 um thick)xﬁi;h RuOy and the redox polymer derived from
hydrolysis of N,N'-bis{p-~(trimethoxysilyl)benzyll-4,4"'-
bipyridinium dichloride, (BPQ?*)U, to yield a physical
Ruox/(BPQ,2+)n junction is reported. Such a junction
functions as a pH-dependent diode by virtue of the redox
properties cf the materials employed. A diode-like
current-vcltage curve cbtains, because charge transport
across the Ruox/(BPQ2+)g junction is effectively
unidirectional: the oxidized RuOy can oxidize the reduced
viologen, but the reduced Ruogjcannot reduce the oxidized

viologen. The pH dependence arises from the fact that RuO,

[ B

has pH-dependent electrochemistry, 0" varies ~71 mV/pH unit
from ~+0.42 V vs. SCE at pH = 2 to ~0.0 V vs. SCE at pH = 8,
while (BP02+)n 1s a conventional raedox polymer with a redox
potential (EO' =-0.5 V vs. SCE) independent of pH. These
data are in accord with the pH dependence of the current-
voltage curve for the Ruox/(BPQ2+)n-based diode. The
magnitude of the diode current at forward bias is determined
to be limitied by the charge transport properties of the
(B2Q2*),. The current passed through the RuO,/ (BPQ?¥)
junction at a fixed applied potential can be modulated
repetitively by changing the pH of a flowinyg stream between

pH 4.5 and 8.5.
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ABSTRACT
A preccedure for selectively derivatizing two adjacent

Hm apart) micrcelectrodes (~50 um long x 2.5 um wide x
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~0.1 um thick) with RuO, and the redox polymer derived from
hydrolysis cf N,N'-bis[p-(trimethoxysilyl)benzyl]~4,4'-
yridinium dichloride, (BPQ2+)n, to yield a physical

:Gx/(5?22+)n juncticn is reported. Such a junction
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functions as 2 prH~dependent diode by virtue of the redox
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across the Rul,/(BPQ?%), junction is effectively
uridirecticnal: the oxidized Ru0O, can oxidize the reduced
viologen, but the reduced RuO, cannot reduce the oxidized
viologen. The pH dependence arises from the fact that RuO,
ras pH-dependent electrochemistry, E0' varies ~71 mV/pH unit
from ~+0.42 V vs. SCE at pH = 2 to ~0.0 V vs. SCE at pH = 8,

while (BPQ2+ is a conventional redox polymer with a redox

'n
potential (EO' =-0.5 V vs. SCE) independent of pH. These
data are in accord with the pH dependence of the current-
voltage curve for the Rqu/(BPQ2+)n—based diode. The
magnitude of the diode current at forward bias is determined
to be limitied by the charge transport properties of the

(BPQ2* The current passed through the RuOX/(BPQ2+)n

)n-
junction at a fixed applied potential can be modulated
repetitively by changing the pH of a flowing stream between

pH 4.5 and R.5,




o report preparation, characterization, and pH
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response ¢f a microelectrochemical diode based on the
selective Iun.ticralization of closely spaced (~1.4 um) Az
cr Pt micrce_ectrodes (each ~2.5 um wide, 0.1 pm thick, and
~50 pm long) with RuC.. and a viologen polymer as illustrated

in Scheme I. 1In Scheme I RuO,, is an electro-active,

po:ential,2 and (BPQ2+)n i1s a redox active polymer derived
from hydrzlvsis ¢f I having a redox pctential
+ N\ +
(MeO):,Si@CHZNC\>——CNCH2OS&(OMe); cl,
I

independent of pH.3

Electrcchemical systems of the type shown in Scheme I
have previously been shown to behave as diodes in the sense
that steady-state current passes in only one direction upon

4 and a

application of a petential across the two electrodes,
preliminary account of our work on the RuOX/(BPQ2+)n redox
systems has recently appeared.5 The underlying principles
of rectification and redox conduction taking place in such
diodes were first demonstrated on sandwich structures of the
type metal/redox polymer l/redox polymer 2/metal by Murray
and co-workers.® Meyer and his co-workers first published a

sandwich bilayer assembly »on one electrode having one pH-

dependent component,7 and work from this laboratory has




‘U(4+20dg) pue XOnY yiim Sap0110d|30IW JO uoleZifeuolouny
BAI198]9S UO PasEq apoIP [EDIWAYI01103|80401W Juspuadsp-Hd € JO M3IA [BUONIDBS-SS0ID | WBYIS

seig pJemio4

o+ -

seig 9s1aA9y

dde A

EQN>T ._Qn_m>
Z 1}
- . YNEIS
_QQG >‘, _QQG>
4 I
X
ony (4 0d8) Xony Y( 4z0d8)
pazIpIX0 paonpal paonpal pazipixo




demonstrated a (BPQ2+)n/quinone bilayer on one electrode
where the quinocne is pH-dependent.8 The system in Schere I
represents the first complete phH-dependent
microelectrochemical diode.

Heterojuncticns with rectifying behavior in the dry,

sclid-state have also been made between conducting polymers

sucn as reduced (n-type) anrd oxidized (p-type)

9 0

pclyacetylerie, ” polyvacetylene and polypyrrole,l polypyrrole

~
S~ ~ &
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clypyrrole and polyaniline.
However, in ccntrast to redox polymer junctions in

electrclytes, the electrical properties of these dry
cenducting polymer heterojunctions are explained in terms

ar to those for a classical n-p Si diode.13

(]

simi

In general, a microelectrochemical device with a
diode-like current-voltage characteristic can be made when
(1) the only current path between one electrode to the other
is via the redox materials connecting them and (2) the
formal potentials, EO', of the two redox materials differ
sufficiently such that the redox reaction at the junction of
the two redox materials occurs at a fast rate in one
direction (downhill) ard a slow rate in the other (uphill).
Equation (1) and Schere II summarize the

(BPQ+)n + RUIVO:': ‘_- (BPQ2+)n + RuIIon (1)

thermodynamically fav-red redox process occurring in the

case of our Ruox/(BPQ;’)n—based diode. Taking EO'(l) to be




/ (BPQ™ ) _ RuO,
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Scheme ll. Schematic representation of the redox reaction occurring at the
viologen/ruthenium oxide interface when charge is passed between electrode 1

and 2. This is the RuOx/(BPQ2+)n interface redox chemistry under forward bias,

Scheme |.




tnhe Iormal pctential of RulS, and EO'(Z) the formal poternzial
N1 F s O’ O'
). the difference, E (1)-E (2), represents thre
pctential, Vi, for the
1 diode. The essential point is that the

microelectrochemical device drawn in .cheme I is assembled

ctnnection with a redox material, (BPQ2+/+)n, which has &

pH-independent redox pctential. The RuO, shows a 70 rV/gE

n . . N - .
TIsitive enific i ZY' as ©H ls lowered,2 independent ci =n=
electroly-e. The result is a micrcelectrochemical diode

with a pH-dependent value of Vg such that V¢ is smaller at

higher k.
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tmcsphere chamber undes Nj.
dicnlcorids, I, was synthesized by refluxing a mixture of
ripyridine (Aldrich) and p-( rcimethoxysilyl)benzylchloride

(r JR Fesgearcn CZrhericzls, Irc.) in CH-CN following a

Zlztirocherical Eouinrmarnt A1l electrochemical experim=ncs
were carriled SuT USinI & ©ine Model RDE4 bipotentiostat and

reccrded ¢cn & rlre & Zonen BDS1 x-y-y' recorder. Where
necessary pcoctentials were contreolled relative to an agueous
saturated calomel electrcae (SCE). Electrochemical

measurements were periormed under Ar or Nj at 25 oc.

Micrcelectrodes. The Pt ¢or Au microelectrode arrays used in

14

“nese experiments have been described previously and
cer.sist of eight, individually addressable, parallel
micrcelectrodes ~50 um long, ~2.5um wide, and 0.1 pm high
with a spacing between the microelectrodes of 1.4 um.
Insu.ation of the leads to the microelectrodes and
encapsulation was afforded by either a manually applied
layer of clear epoxy (Hydrosol Division, Dexter Corporation)
or a thin Si3Ng4 film, 1.0um thick, deposited by Plasma
Enhanced Chemical Vapor Depcosition, PECVD, and etch-back to
the microelectrodes through a mask with a CF, plasma etch.

The packaged microelectrode arrays were typically

cleaned by a negative potential :xcursion in 0.1 M K,HPO, to

0




eyvzlve Ho. Cn sim2 arrays the gap between microelectrodes
was rarrcwed frcm ~1.1 Hm to ~0.3 um by electrodeposition c¢f

rT cr P4 frim an aguecus (.1 M KyHPO,4 solution containing 2

(@]
'y
>
<4
=

»PdCly, respectively. For some of the

l1lecticon experiments shadow deposited

'zl 2L
=

micrcelectrecde arrays were used with interelectrode spacing

2f ~0.1Hm.-

Cerivatizaticn of dicroelectrodes. RuQ, was deposited frcom
a Ireznly orepared znt cecxygenated 5 mM KZRuO4/1 M NalCH
scluticn.-rd Tre deep crange KyRuO4 solution undergoes slcow

decompositicn and/or reduction yielding the formation of a
darx green cr black amorphous precipitate.16 A two-
ccmpartment cell was used with the counter electrode
separated from the working and reference electrode.
Selective deposition of RuO, on one microelectrode was
achieved by cycling the electrode potential between -0.Z anc
-0.8 V vs. SCE at 100 mV/s while holding the potential cZ
adjacent microelectrodes at +0.2 V vs. SCE. 2

Following the KuO, deposition, (BPQ2+/+)n can be
deposited selectively on an adjacent microelectrode by
scanning the electrode potential between 0.0 and -0.75 V vs.
SCE at 50 mV/s in an aqueous solution of 0.5 mM o1 I and 0.2
M KC1/0.1 M K,HPO, while holding the adjacent
microelectrode at 0.0 V vs. SCE.3/s*% Deposition was allowed
to continue until the desired coverage, ~2 X 108 mcl/cmz,
was achieved. Coverage was determined from the integration

of the cyclic volt mmetry wave for the (BPQ2+/+)n

O
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incerconversion at a sweep rate slecw enough (<50 mV/s) to
431 Y o - b | S~ e —~ 4
fully access all redcx active molecules.

rH Variaticn Exreriment. A flowing stream set-up,

cecnstructed by Soining two chromatography columns filled
wich buffer scluticns ¢f the desired pH, was used to
reproducikly give pH variations in the electrolyte stream
acress the micrceleczrochemical assembly. The buffer

sclutions used were 1.0 M LiCl or NaCl/0.05 M HSO4 ,

(B )

Tr the appropriate pH and were




Results and Discussion

a. Cyclic Voltammetry and pH Dependence of E9'. The
.................. itien of RuO, is based on the

and can be accomplished on either Au
he pH dependent cyclic voltammetry

cf RuO, 1s depicted in Figure 1. 1In buffered solutions the

wave 1s treoad and has been attributed to the RuIV/RuIII

laps H-7 and Cl coxidaticn giving O, and Cl, evoluticro,
respectively. Prolonged cycling to the potential of 0O,
evcluticn results in gradual film dissolution. At

potentials sigrnificantly negative of the RuIV/III wave, the

RuO, film shows nc faradaic activity, but H, evolution

X

IV/III

occurs. Hp evolution does not affect the Ru cyclic

voltammogram.2
The redox potential, EO', for the RuIV/III redox ccurle
at a specific pH is taken to be the average position of
cathodic and anodic current peaks of a cyclic voltammogram.
The data obtained for a series of cyclic voltammograms taken
in buffered solutions of pH 2.2 to 9.5 are plotted in Figure
2. For comparison the redox potentials for the (BPQ2+/+>n
redox polymer couple at different pH's using the same
buffers has been included. We find that the redox potential
of RuO, shifts more positive by ~70 mV/pH as the pH is
decreased. This type of non-Nernstian pH dependence has

also been reported in the voltammetry of other hydrous metal

oxides.17/18 our earlier work has established that the pH




dependence of the RuO, 1is insensitive to a wide range cf
electrclytes.? The redox potential of the (BPQ2+/+)n redox
e ¢ther hand, remains constant (also
independent of electrolyte)3 at about -0.5 V vs. SCE as the
oH c¢f the sclution is changed between 2.2 and 8.5. The
(BPQ2+)n system also shows reduction to (BPQO)n, but the
evoluticn cf Hy, obscures the cyclic voltammetry wave,
especialiy &2 low pH. Moreover, the (BPQO)n state 1is much

1N
I

less du

b

acle tnan either the (BPQ?Y), or (BPQY), states.?
b. Generation/Collection Experiments and Relative Charge
Transport Properties of RuO, and (BPQ2+)n. Figure 3
illustrates typical data relating to steady-state charge
transport properties of RuOy in aqueous electrolyte media.
The data shown relate to an array of eight Pt
microelectrodes all ccated with RuOy, such that the RuO,
connects the individually addressable microelectrodes. The
microelectrodes used are ~0.1 um apart, to give larger
steady-state currents. The actual experimentw'21 is
analogous to a rotating ring disk electrode experiment22
with a collection efficiency of unity, since the charge
carriers are immeocbilized. There is a steady-state current
between so-called generator and collector microelectrodes
when the generator electrodes are moved to a potential where
RuO, 1is oxidized, 0.4 V vs. SCE, while the collector
electrodes are held at a potential where RuO, is reduced,

-0.4 V vs. SCE. Under such conditions, the largest possible

concentration gradient of reduced and oxidized RuO, exists,




giving the maximum current which can pass through the
material. For the data in Figure 3 every other electrode of
ar. elght-electrode array uniformly coated with RuO, 1is used
as a generator and the other microelectrodes are collectors.
The use of this interdigitated arrangement increases the
magnitude of the generator/collector current.

The fact that the generation/collection response for
RuO,-based microelectrodes is the same for all scan rates
shzwn, indicates that oxidation and reduction of the Rul, is
rapid on the timescale cf the cyclic voltammetry. The rapid
oxidaticn and reduction, of course, is related to the charge
transport/ion diffusion in the RuO,. The steady-state
diffusion coefficient for charge transport, Dy, in RuO, is
proportional to the steady state generation/collection
currents in Figure 3. From cyclic voltammetry it can be

determined that about 200 nC of charge are involved in the

interconversion represented by equation (2). However,
RuIIIOx - ne’ b m— RLIIVOX (2)

unlike conventional redox polymers it is impossible to give |
a value for D, for RuO,, because the concentration of redox

centers is not known. The important point is that the

magnitude of the maximum generation/collection current is

large in comparison to that for the (BPQZ+/+)n system

measured in the same way (vide infra).

Data for generation/collection experiments for a




(BPQ‘+)n—ccated microelectrode array are presented in Figure
4. The maximum steady-state currert passes between
generator ani collectcr microelectrodes when the generator

electrode rctential 1is mere negative than approximately
-0.75 V vs. SCE, where (BPQ+)n is reduced, while the
collector electrode potential is held at 0.0 V vs. SCE,

where (BPQz*) is fully cxidized. These data correspord to

n
an array ccazed with (BPQ2+)n to the extent that ~200 nC of
charce are Invzlved In the interconversion represented by
egquaticn (3). In ccmparison to the data for Ru0,-coated
(820%*), + ne”  Z=/—*= (BPQ"), (3)

microelectrodes, Figure 3, the rate of charge transport
through (EPQ2+)n is slower as shown by the smaller steady
state currents. Slower charge/discharge of the viologen is
also found since there is a scan rate dependent
generation/collection response. Even at slow scan rates, -~4
mV/s, some of the generated reduced species, (BPQ+)n, are
also ccllected by the generator on its return sweep. Thus,
the expectation is that the overall current which can pass
through a Ruox/(BPQ2+)n junction will be limited by the rate
of charge transport through the (BPQZ+)n polymer, assuming
the interfacial charge transport rate, equation (1) and
Scheme II, is not limiting.

In characterizing the (BPQZ+)n-coated microelectrodes

moving the generator more negative than ~-0.8 V vs SCE, the




n

QO)n state, beccmes important, and larger
Cenerator/collection currents are observed. The larger
arrents are exgpected tased on the superior charge transpcrt

cies cf the (BPQY/Y)_ couple compared to the

€ n

(EPQ2+/+)n couple.3 Figure 5 shows data giving the relative
conductivity of the (BPQz*/‘*)n and (BPQ+/0)n states. In the
experiment summarized in Figure 5 the relative conductivity
is given by the magnitude cof the current, Ip, passing
retween w2 polyvmer-connacted microelectrodes having a small
potential between ther, V-, as a function of the
electrochemical potential of the polymer, Vs. Scheme III
illustrates the electrcchemical system used. Such a system
has been referred to as a microelectrochemical transistor
and has been used to characterize other redox polymers.20
The Ip-Vg plot in Figure 5 is in accord with the earlier
measurements cf the relative conductivity of (BPQ2+/+)n and
(BPQ*/0) | coated onto macroscopic electrodes.3P

c. Characteristics of Ruox/(BP02+)n-based Diodes. Cyclic
voltammetry characterization of the modified electrodes of a
completed two-terminal microelectrochemical device is showr
in Figure 6. Importan:z.y, electrode 1 shows response only
to the (BPQZ+/+)n bus r.: electrochemical response to RuO,.
Electrode 2 at the sar= :time shows response to RuO, but no
response to (BPQ?*/*)_ :n electrode 1. The data in Figure 6
thus establish the desired structure, but the data shown do

not establish that there is a connection between electrode 1

and 2 by a RuO,/(BPQ?"'"), contact.




Y/
G Counterelectrode
, - Reference
Bipotentiostat
(BPQ 2+)
n
D

Scheme Ill. Microelectrochemical system to measure the relative conductivity of
(BPQ2+), redox polymer as a function of electrochemical potential, Vg.




Data that prove electrode 1 and 2 to be connected by a
R:Ox/(BPQZJ'/*)n contact are summarized in Figure 7. 1In
essernce, tnese data relate to generation/collection
experiments like those for RuQ, or (BPQ2+)n, Figures 3 and
4, respectively, but in Figure 7 the materials on the
generator and collector are different. On the left-hand
side of this Figure currents at electrode 1 and 2 are shcwn,
as electrode 2 is held at a potential at which the ratio of

Ty

-, and Ru-"C,. is about one (Ep, = +0.2 V vs. SCE in pH ¢
buffer) and electrode 1 is scanned from 0.0 V to -0.8 V vs.
SCE. Thus, when the (BPQZ+)n on electrode 1 is reduced to
(BPQ¥) , a current path between electrode 1 and 2 is possible
according to equation (l1). On the right-hand side of the
figure the experiment is carried out such that electrode 1
is fixed at -0.6 V vs. SCE where the reduced state, (BPQY),,
is significant and electrode 2 is scanned from -0.4 to +0.5
V vs. SCE. Again the currents observed at electrode 1 and 2
are consistent with the redox reaction, equation (1),
occurring at the Ruox/(BPQ2+/+)n interface. The key point
is that current between electrode 1 and 2 passes only when
the viologen-based polymer is reduced and RuO, is oxidized.
These data prove the connection and show that rectification
is expected in a two-terminal device. The relatively low
signal to noise in Figure 7 compared to Figures 3 and 4 is
due to the facts that only two m.croelectrodes are used and

the spacing between them is ~1.5 um, not the ~0.1 um used

for experiments summarized by Figures 3 and 4.
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The steady-state two terminal current-voltage
characteristic cf a RuOX/(BPQ2+/+)n—based
micrcelectrochemical device as a function of pH is recorded
in Figure 8. These data illustrate that the device can
actually pass more steady-state current upon application of
potential in cne direction than in the other. Current will
pass only if the negative lead is connected to electrode 1,

reducing the vioclogen-based polymer to its (BPQ+)n state,

and the peosicivae lead Zg cennected to electrode 2, oxidizing
RuC,. The electrical cycle is completed through oxidation
of (BPQ+)n by RuIVOX, Scheme II. The value of Vg depends on

the redox potential difference between the (BPQ2+/+)n and
RuC,. Since the redox potential of RuO, increases as the pH
decreases, as depicted in Figure 1 and Figure 2, Vg of the
microelectrochemical diode increases as pH decreases. The
inset in Figure 8 is a magnification of the current-voltage
characteristic in the region of Vp. The shifts in Vg upon
variation of pH correspond roughly to the shifts of 0 for
RuOy, in Figure 2. For example, for pH 5.5 the difference
between the redox potentials of RuO, and (BP02+/+)n is about
650 mV which is reasonably close to the diode turn-on
potential of about 600 mV.

The pH dependent junction between RuO, and (BPQZ+/+)n
can, in principle, be used as a pH sensor, because the
current at a fixed applied potential depends on pH in the
region of V¢. 1In Figure 9, current, i, passed through the

diode junction held at a constant forward bias of 0.8 V is
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shown as a function of time and pH. As the pH of the

unding electrolyte solution is varied between pH 8.5
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the current passed through the diode juncticn
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rises and falls. The magnitude and direction of current
change 1s consistent with the data presented in Figure 8,
wnich predicts that a diocde at 0.8 V forward bias passes
cre current at & larger pH than at a smaller pH. The
gualirtative characteristics, Voe and the pH dependence of Ve,
2f the RUCH/(BPQz ) .~based diode are in essential accord
with expectaticno.

The macgnitude of the current that passes upon forward
bias should be discussed. Assuming the redox chemistry -=
the Ruox/(BPQ2+)n and redox material/electrode interfaces to
be fast, the maximum current is governed by the charge
transport properties of the redox materials. Since the
(BPQ2+/+)n is the poorer conductor, the current should be
limited by this material, not the RuO,. However, the
current found should show a plateau at sufficiently forward
bias, and obviously such is not observed, Figure 8. The
lack of a plateau signals a role for the (BPQ+/O)n state as
the forward bias is increased and this diode characteristic
is consistent with the higher conductivity of the (BPQ+/O)n
state compared to the (BPQ2+/+)n state, Figure 5. There is
an inflection in the current-voltage curve, Figure 8, at a
potential consistent with the lower conductivity of the
(BPQZ+/+)n state. Even so, the diode current upon forward

bias should plateau at sufficiently large bias. However,




~ne agueous electrolyte limits the bias to no greater than
~1.2 V, owing tc the decomposition potential of H,O of 1.23
V. Indeed, even reverse bias approaching 1.2 V shows steady
current corresponding to onset of the electrolysis of H,0.
We have made the assumption that charge transport
across the RuOX/(BPQ+)n interface is not rate determining,

in raticnalizing the cdiode current in Figure 8. This

[19]

assumpticn has been verified by preparing the diode shown in
Scheme IV. The key resul<c invclves comparison of the dicde
current with and wizthcut the hardwire connection between the
inner two microelectrzdes. With the h=rdwire connection
charge transport acress the RuIVOX/(BPQ+)n interface is not
the only mechanism for charge transport. The direct contact
of each material with the electrode insures an effective
path for current flow in the diode. This scheme of contacts
is the same as that used by Murray and co-workers to

6 We find the same current-

characterize redox bilayers.
voltage properties for the diode with and without the
hardwire connection. These reults show that the charge
transport rate across the RuIVOX/(BPQ+)n interface does not

limit the diode curren-=.




BPQ°"" RuO

S|3N4

Scheme IV. RuOx/(BPQZ2+)n microelectrochemical diode. Top: without
hardwire connection:; Bottom: with hardwire connection between the redox
materials.
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Conclusion

A procedure has been developed to selec .ively
“lze tTwc adlacent micrczlectrodes with two different
redox materials such that current between the two
icrcelectrcdes can only pass when the redox reaction at the

Rucx/(BPQ2+/’)n interface is thermodynamically downhill.

b

£ RuC, is a function of pE, the

b
¢

P2l

t
b

Sirce z—rhe redcx poten <
.5 T - = v i 2+/+ .
urrent-vo.tage characteristic of the (BPQ ) n/RuOy

z functicn of pH. In principle, the
chemically sensitive diode may be useful as a two-terminal
electrcchemical sensor, because the value of Vg depends on
oH In a manner consistent with the pH dependence cf the
redox pctential c¢f the RuC,. Our results show the viability

cf raticrnal design and preparation of chemically sensitve

3

icroelectreochemical systems based on charge transport

prcperties, thermodynamics, and electrode modificaticn
prccedures.
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FIGURE CAPTIONS

Figure 1. Cyclic voltammetry, 100 mV/s, of a
Rul..-derivatized microelectrode in pH 3.5, 5.5, 7.5, and 8.5
agueous solution;'the buffers used were 1.0 M LiCl/0.05 M
acetate (pH 3.5 and 5.5) and 1.0 M LiCl/0.05 M Tris buffer

({pH 7.5 and §.5).

Figure 2. Redcx ctotentials, EO', for the RuO, and the
(BPQ2+/+)n redox coupie as a function of pH. The redox
potentials were determined from cyclic voltammetry in 1.0 M

NaCl or LiCl electrolyte (0.05 M buffer) in H,0 solvent.

Figure 3. Generation/ccllection cyclic voltammetry of an

interdigitated array of close-gap (~0.1 um) microelectrodes
modified with RuO, in pH 7.5 phosphate buffer as a function
of scan rate. The potential of the collector electrodes is

held at -0.4 V vs. SCE.

Figure 4. Generation/collection cyclic voltammetry of an
interdigitated array of close-gap (~0.1 um) microelectrodes
modified with (BPQ2+)n in 3.0 M NaCl electrolyte as a
function of scan rate. The potential of the collector

electrodes is held at 0.0 V vs. SCE.

Figure 5. I vs. V- for a an array of eight (BPQ2*) -coated
gu D G n

microelectrodes.
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Figure 6. Cyclic vcltammetry of electrode 1 and 2
derivatized wit! (EPQ2+/+)n and RuO, as drawn in Scheme I.
Note that electrode 1 shows the wave at -0.5 V vs. SCE
characteristic of the (BPQ2+/+)n redox couple but no RuO,
electrochemistry, while electrode 2 exhibits only a wave

characteristic of RuO,, .

Figure 7. Data establishing that charge can pass through
the (BPQ2+/+)n/RuOX interface. On the left hand side
currents ckserved at electrode 1 and 2 are presented as
electrode 2 is held at +0.2 V vs. SCE while electrode 1 is
cycled from 0.0 to -0.8 V vs. SCE. The fact that there 1is
current at electrode 2 1is consistent with charge transfer
through the (BPQ2+/+)n/Rqu interface. On the right hand
side of the figure, current is monitored as electrode 1 is
held at -0.6 V vs. SCE and the potential of electrode 2 is
cycled from -0.4 to +0.5 V vs. SCE. Again, the observed
current 1is consistent with charge transfer between electrode

1 and 2.

Figure 8. Two-terminal, steady-state current-voltage
characteristic of the system drawn in Scheme I. The
current-voltage curve shifts to more positive turn-on
potentials as pH is decreased. The region of turn-on is
expanded in the inset. The shift in turn-on potential with

respect to pH change correlates well with the expected




70 mV/pH shiftc for

Figure 9. Current
junction over time

oH 8.5 and pH 4.5,

the RuO, redox couple.

respconse of a Ruox/(BPQ2+/+)n diode
as the electrolyte pH is changed between

The dinde is held at 0.8 V forward bias.
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